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ByB.W.SakmannandB.G.Ri@&uire

Thepurposeof the ~estnrt researchwasto@n infmmtionasto
thefumdemmtalmechanismd frettingcorrosion.Morepmticularly,

.thespecificquestionstoheansweredwerewhetlm?chemicalactionplayed
animportantroleinfrettingofmetalmnWacesma *etheranysuch
action-a improvetheccmrosimresistanceaPthemetalsti~8t@a_k&
Eloraertoanswerthesequestions,testsweremadewiththesamepairs
@ materialsh air,invacuum,tioxygen,audh heliumunderidentical
conditionsofloadandslip.Withnearlyalltiematerials~t3t0a there
waslessdamageinvacuumtheminair,andlessinaninertatmosphere
-theminoxygen;innocasewasthedsmageinvacuumgreaterthaninair,
althoughinmostcasesthe5rictionforceinyacmmwasgreaterthanin
air.

Theremiltsof these experimd shaveshownthatchemicalaction
isofprimaryimportanceinfretting-corrosioneffects,andoxideformation
doesnotgiveanyprotectiontoWe metalsbutratherincreasestherate
aPwear.Tnmostcasesoffrett~,wear‘betweenvibrat~smfacesis
ofsucha severenaturethatanyprotectiveoxLd.efilmsareabraded.
OxL&elwprsarewrn offevemwiththosemetalsonwhichstableoxhle
filmswuldbeformedmder lesssevmeccmditionsofwear.Asmostof
themetal.oxidesareextremelyheM, thewcmn-cttMinistmappedbetween

‘thevibratingsurfacesactsasgmabrasive.Theseveri@ofthedamage
dependsonthehardnessvaluesofoxidesandpcuvmtmetals.m, fm
example,oneofwe metalsis soft, theMu5 oxidefra@entsmEWbe
embeddedinthesoftermetal,t3msreducingthemte & we=.

.

Thetam “fretthgComosiontf@ generallyqppliedtothecorrosion
ph~ observe~attheccmtactsurfacesofmachinepartsmibjectto
vibration.Theoccummceoffrettingcorrosicmhasbeenpointedout
anditsgeneral~earencedescribedby severalauthors(references1,
2,lFma3). Frettingwmrosimfrequentlyappearsonsurfacestiichare ~
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intena’bato km norelativemotionbut uhich areassociate wtth
~lmatingmwhimry. It~ occur,forexample,cmthematingsurfaces
ofa bearingraceand& a shed%ti@t3yfatt9atogether,onsplined
surfacea,oronthecontactsmSacescd?a ~-car *eel and,ail.e.
Ithasbeenshmmthatsomeslippage,event3mu@oftheorderofa
microinchcmpemhqsless,isnecessarytocausef?=tting=titie
absenceofslipthereisnofretting(references1 ~ 2).

Thefretthg-comosion_ ~em tobemxme,otherthings
beimgequal,thebetterme aigimilfitofthetiaces. Fcwthisreascm
thefretting-comosionproblamispartic~ly sebiousintieaircraft
andautomotiveindustries,h whichveryclosefitsareemployedonparts
subjecttotibration.= suchcasesfrettingcorrosionisseriousforits
ownsake,sincetietolermcesaresosmallthatthesli@tchangein
Shapeassociatedwiththecomosionmayrendemthegartsuseless.There
isalsoevidencethatthedamgd surfacesdevelopfatiguecracksat
a lowerstressthannonfrettedones.Frettingcomosiw thusalso
acttolowerfatiguestrengthaswellastocausesuxfacedamage
(reference4).

~vestigatorsattheMassachusetts~tituteofTechnology,aswell
asinotierplaces(references2,5,6, 7, and8),havedcmea large
amountofworkontiefretting-cmrosiauresistancec&numerouspairsof

. materials.A1.thou@a greatmmmt ofexpm5mentalmaterialhasbeen
gathered,theattemptstointerprettheresultsin* ofthephysicsl
.propertiesoftiematerialsinvolvedhavemetwithac3Ypartialsuccess.
Becausethephenmenaoffrettingcorrosionarepartofzthemoregeneral
problemofwear,theattemptwasmadehereintoa@y mm ofthe

‘conclneionsreachedinwearteststothefieldoffrettingcorrosion.
ForinstsncetieresultsofweartestswitiraUoactivetamers
(reference9j seamedtoWlicatet@ata correlation~tia betweenthe
sOMa sohibil$ty& theWC makrialssmitheamountofmetaltransferred
beimeentherubbingsurtaces.A CCXR%3hldZhXlwasELCC~ solqjbt
tetweentheresultsoftiefretiing-comosiontests~ thesoltiili*
&the twocomponmtsimdved. ~ somecasesitseinedthatthecorrosion
resistancewaslowforpdrs & materials,thesolidsolubili~oftiich
Was’hi##l*~ othercases,howevm,noccwrelatiuncouldbeestablished.
A similarattmptwasmadetocmrelatethecomosionresistancewith ~
therecrystallizationteqmtme ofthefretthgmet,als.Thisinte3?pre-
tation,too,wasonlypertlysuccessful.

,
Experimentalinvestigatimsinthi9ldbcmatmyhavesofarbeen 4

chieflyconcernedwiththeccmwsimresistxmceaPnmerouspairsof
mxhxhilsmder dryconditionssmd- inafewcases-whenMmicatwl

twithE.F. Mmioants.-Residesthe8einvesigationsofdifferentmaterials,
however,a f6wotherparametxms.havealsobeenemm$ned.The~luence
ofhardness& oneofthetwosurfaceshasbeeninvestigatedwitha
cotiinationofsteelonsteel.Furthermore,the=.henceofsurface
roughnesshasbeene=ninmlwitia co.uibtitimofcopperalloyandstedls

.
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TherewasnoappreciableMfferencebetweentiecomoslonresistanceof
smoothandroughcopper-alloyswrfacea~neitierdldsoftandh- steels
behaveverydifferently.Theconclusionwas,tlmxd’are,thatwithinthe
rangeoftheinvestigatedparameters,surfacefinishandlum?dnesswere
ofsecondaryimpcu%sncefcw*8 oorrosionresi*e CMwe twopMrs &
materialsilmstigatea.

A brief sumary& saneof the results d theseobservationsis
givenin tdbleI,Inwhichthedifferentcdblnations are givenaccomding .
to threegradesof high, medtum,andlowoommim resistance. These
results are all qualilyrbive,s-e theonlymti offevaluationsof=
developedistisualhspectianoftiespecinmu.Attemptshavebeen
madetomeasuretieweightlossofthespecti, butthe-a areas
aresosmallintheapparatususedthattheseattempts*ve beenunsuccessful.
lilwminspectionoftdbleI itIsevidentthatnoneofthee~l.enaticms
mentionediscapableofadequatelyinterpretingthesere”sults.ItWSS,
therefcme,a~iaeatoattacktieproblemfroma dlf’fermtangle,asfollows.

Inthegeneralproblemofwear,theroleofoxhlationhasbeena
controversial.mibjectfora longtime.Fink(reference10),f= ins-e,
believesthatoxidationacceleratesthewearprocess● Thisopinionis
basedonexperimentsinwhich~test specimemhshuueda greaterweight
lossinanatmospherecontainingo~gen_ ina chauioallyInertgas.
RosenbmgandJordan(reference11),ontheotherhand,showedthat,in
somecase-,oxidefilmsonthewear-testspec3mensmightprotectthe. wearingmn%acea.TheirexperimentsseemtoWMcate thattherateof
wearqsybeleasInoxygenthenInanatmospherefreeofo~gen. These
tw setsofresultssuggest-t scmetlmesoxidefilmsgiveeffective
protectiontoWe wearingsumtsoes,~s inothercasesoxhlation
acceleratestierateof-. ZiIcinderto~tect themibblngsurfaces
effeMxLvely,Itis,ofcourse,necessarythattheoxidefilmsadhere
welltothesurfacesofthewearingmetals.Whetheroxideformationhas
a beneficialora detrimentalinfluenceonthewear.propertiesdepends
notonlyontienatureofthematerialsinvolvedbutonthetie ofwear
aswell.

Itthusappeersthata knuw..edgeoftherolep~ed byoxidationin
thefrettingofmetalsurfacesmightleadtoabetterunderstandingof
thefundammtslprocessesinvolvedinfrettingcomosicm.Atthe.tlme
whenthepresentworkwasundertaken,however,onlya fewdatawere
availdblefrcuutich anysuchImowledgecouldbegle~ed.Itwasaecitifl,
therbfore,tomke testsin* andvacumendino~gemandhelium,
withtheexpectation*t theresults~tia shedsanelightonthe
Importanceofoxide%iontifrettingcorrosion.

This -k wasccdhzctedattheMassachusettslhstituteofTechnology
mtir thesponsorshipendtiththefinancialassistanceoftheNational
A&LsoryCcammltteeforAeronautics●

.
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Vilwat~System

.
Theappsratueusedfortheteststheresultsofwhicharegiven

intableI consistedessentialJ.yofa steelbar,~ ~Ch ~ 1 i~h

@ crosssection,mountedasa horizontalcantileverbeam10Incheslong.
Thefreeendofthisbesmwassetintohorizontalforcedvibration
at120cyclesyersecondbymeansofa small-electromagnetoperatedfi?om
the60-cycle-powerline.A smallverticalsteelpillar1 inchinlength
wasattachedtothesideoftiec=tileveratapoint8 inches fromthe
freeend.A testspeck lflinchlongandl/kinchindiamsterwas
attachedtotheuppr end.ofthe@.l18rj the flat topSurPaoeofthis
cylindricalspecimenwasmetaUographicallypolilshed.Theothertest
spec~en,tiichwasspherical,wasmo~tedatoneendofa horizontal
armbymeansoftiichthespherewasrigidlyheld.Itwaspressed
downwardagainsttheflateuri?aoe& theotherspecimenwithanyforce
desiredbymeansofadjustablewei#rts.

Whenthecantileverwassetintovibrationthecylindricalspectien
tendedtomove%aokendforthincontacttiththestationarysphere●

Thepllkrtowhichtiecylhderwasattachedwassomewhatflexible,
however,sothatforsmallenrplltudes& viln?aticmtherewasnorelative
motiCZlofthecatactingsurfaces.Ata certa3nengilltudethestatic-
frictionfcmcewasexceededend.slipoccmred.Both’theabsolute
displacementofthecylinderanditsdisplacementrelativeto,thepoint
ofthecantileveratwhichthepillarwasatiaohedweremeasuredby
meansofpiezoelectriccrystalpickupssui&blymomtedonthea~aratus.
Theoutputfromthepickupregisteringabsolutedi@acementwasfeii
tothehcu?izmtal-deflectionplatesofa catiode-rayoscilloscope,while
thatoftherelative-displacementpickupmt towe vertical-cleflection
plates.Sincetheyillardeflectedelastic&Klyrelativetothecantilever,
theverticalmotionofthecathode-r=beamwasproportionaltothe
frictionforcebetweenthespecingms.A force-displacementdiagram-Unw
appearedontheoscilloscopescreen.

Tkisapparatuswasnotusedinthepresenttestsprimarilybecause
ofitesize.whichwouldhavenecessitateda V=J lar~evacuumchamber.
)?urthermcre,thepathofthecylindricalspecimenwasnota straight
linelutwasa complicatedme~ fie*Pe ofw~ch dePetiedonthe
mounto:slip.A newvibratoryapparatuswasthereforeconstructed
tiichwassatisfactoryinbotitheeerespects.Thisa~aratusisshown
h figure1. Theprincipleat’operationwasthesaneasintheprevious
equipment.Thevibratingmeniber D was a T-slurpedpieceofeteel
mountedonsttE’fflatspringsK cl?mpedb a steelbaseblockE.
ThecylindricalspecimenA wasscrewedtoa flextblepillarB which

-,
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wascarried.bythevibratingmeniberD. ThesphericelspecimenC was
momtedinam G s~rted by springsH. .

WhentheelectromagnetF wasexcitedwith60-cyclecurrent,the
meniberD wascawed@ vibrateat120cyclespersecondandthe
cylindricalspechenA tendeatomovebackandf- Ina straight
lineincontactwiththesphereC. Theabsolutemotionof A (i.e.,
themoticmwithrespectto C) uasmeasure?bypickupI, Mile tie
motionof A relativeto D wasmaeuredbyptclcupJ. ThepillarB
beingelastic,thelattermotionwasproportionaltothefrictionforce
actingbetweanthetwospecimens.Inuse,theappratusshowninfi~e 1
was~~tea ona cticularcast+ronplatesndcovereawitha glassbelljar.

Itwasconsidereddestiabletoremoveaszrubhoxygenaspossiblefrom
thecontactingsurfacesattiespecimens.Thiswas&me by electrically
insulat~thespecimensfromeachother, holdingthemapartabout
1/16 inch,anapassing en elethxtc &Lschm?@betweenthemwhentie bell
jar ~8 part-evacuatdl.Anelectromagneticdetice(notshornh fig. 1). whichcouldbeoperatedwiththebelljarin@aoewasamanged.tobring
thespecimensintocontacttitertiedischargehadtie its~rk anda
testwastobestarted.

Ithasbeenpointedoutthattiemotionandthefrictionalforce
betweenthe* sarpleswere~~a withpiezoelectmicpickups.The
ou~utoftheforcepickupwasc~tea totheverticalplatesofa
cathoae-rayoscilloscope,tiilethedisplacementpiclcqwasconnecteato
thehorizontalplates.Figure2(a)showsa force-displacementloopas
obsemed.onthescreenofthecatiode-rayoscilloscope.Forsmall
amplitudesofthevibratingsystemanellipseappearedonthescrea.
Astheamplitudewashcre~ed,.theellipsebecsmewider@ hi@mr
untilitsuddenlya8ma theshapeoffigure2(a).Thetransitionfrom
elliysetoloopcotiilalso%e &fecte&by a *creaseinthenormalloaa
pressingthespecimenstogether.Againthetisnsitionwasabrupt.This
Waldenchangeintheshapeoftheforce-displacementdiagrsmisinterpreted
asdenotingtheoccurrenceofslipbetweenthespecimens.Theellipse
correspondstopurelyelasticdisplacements,whiletheloopoffigure2(a)
includesbothelasticmotianandslip.Atpo-t 1 thefrictionforceis
a maximum,correspondingtothecoefficientofstaticfriction.Betwem
points1 end2,slipoccursandthefrictionfarcedecreases.Atpoint2 “
themotionofthevlbrat~medberreversesandthereisnofurthersliy
untiltheforcereachesamaximumintheoppositedirectionatpoint3.
TMs interpretationoftheface-displacementcurvesIsverifiedbythe
factthatnodemagetothespec~ns00c~a foranelJ.iptlcaldiagram.
Ontheotherhand,ikmsgeneverfaileatoappeexfora di~am like
figure2(a).Itthusseemscertainthatslipisabsentintheelliptic
casebutpresentintheother.

Figure2(b)showstheface-timecurveforthesliploopoffigure2(a)j
correspoq -pointsonthetwocwrvesareaenoteabytheseinenlmiber.

. . . .. _ .——
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This~icular shapeof-fcc?ceO- csnreadilybe ~lained. The
frictionforcehasameximmatpoint1 correspauMngtothecoeffioie~
ofs=ticfriction.Oncethetwo~osion saqlesstarttomQverelatlve
toeachothertiewalue& thefklctionforcefallsofffrompoint1
topoint2,atfirstrapidly~ thenmore~.

.
Whenthevibrating

partrevarsesitsdirection,thefrictionforcechsngesitssi~ and
assmassamaxbnumvalueintheotherdirectiauuntilthe~c* start
tomoverelativetoeachothec?.OnceWe Saq@Lesstarttoslip,the
fricticmforcedecreaqestoa valuecorresp&mMngtothecoefficientof
Mneticfiictian.

me tmpla08m8nt-tim8 uurveshownin figure2(0)isnuniberedto .
correspondwithfigures2(a)and2(b). on cmpmxlng figures2(c) ml Q(a), .
it in seenthat dwing WLQ,betweenpoints 1 and2, the velckxltyof
displacemmitreachesits marhmmvdhe. At@nt 2 thediS@AcamentiS
a maxhumsndthevelocl~3szero.Betweayoints2 and3, wherethe
displacementiselastic,thevelocityislessinabsolutevaluethan
a- a slip.

Asamlemost oftheloopsobservdwerenotassmoothastheone
shown.infigure2(a).Theloupsoftheme Shou3iinfigure3(a)were
am tosticlrslipbetweentiecozmsionspeolnuais.Duringtheslip
periodthespecimensdonotslideunif~ buttiemotionisan
intermittentsliMngandkttcldng.Atpoint1 of.*6 loopthefriction
forcecorrespondstothestatic-fricticmcoefficient.Asthesamples
“stwctb slide,thefkictlonforcedecreases,butatpetit1foftieloop“

u tiespecimqnastickagain~ thefrictionfcnweincreases.The.mme
processrepeatsitselfatpoint1*f. Thethreesuccessivemuimmasal?
thefrictionfacebecome~ evidentfrominqpecticmoftieforce-time
curveoffigure3(b). Thedisplaceunent-timeourveisshowninfigure3(c) .
(lorrespondiqpoints of figures3(a),3(b), - 3(c) ~ a-* W me
samenuibers:Itwillbenotedthat.thehorizcmtalpartsofthe
displacmnt+tiecurve& f-e 3(c)oorrer5pondtotheperio~ofrest
Inthestick-slipcycle.

vacuumsystem

Thevacuwnsystemwasdesi~tiinsucha ~ thatitwaspossible
toe=hangeWe fretting-oozmsianspecimensquioltlyandeasilysA
bell-jarsystemfulfilledtheserequirements,alttux@thevacunm
attible was-tia bytheinevitableleaksbetweenBelljar=a bise
ylate.A schematicdiagrmcd!thewholesystemisshowninfigurek.
h thisfix, 25~tnr pyrexwing isMlcateabya &filelim
andtheI&millimetercomecticms=8 drawnassinglelines.Thetiole
systemwasmuunteaUllaernedlha taMe;thepuqpplate,uh@hhadfive

tlyscrewedtothetopofthetkble.electmicbad-ha,waspemSnen
Onepairofconnectimswasusedforthetm electrostaticpickups;

— ——. .—— —— .—. — . ..—--- .- —.. .——
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a thirdelectrodewasconnectedwiththeelectromagnetexcit~ the
vi’bratlngsystem.Thefourthlead-inactuatedtherelease.mechanismof
theupperfretting-oorrosionspecimen.Thefifthelectiodewasconnected
witha high+oltagetrsnsfomer,whichwasusedforprmiucinganelectric
dischergebelxmenthetwocorrosionspecimens.Itwashopedthatthis
dischargewoulddriveoutthegaseswhichmightbeadsorbedonthe
surfacesofthessmples.

A CencoMegavacpumpwasusedforthemechanicalforepump.Inthe
high=vacuumpartofthesystemtwomercury=vapordiffusionpumpswere
connectedinseries.ThefirstwasofPyrexglass;thesecondwasof
steel.Allthemainconnectionsfrommechanicalpumptodiffusionpumps
andbellJarweremadewith25+niXlimeterPyrextubingtoinsurea speedy
evacuationofthesystem.Theconnectionstothesteeldiffusionpump
weresealedwithdeKhotinskycement.Znitially,a largeliquid~irtrap
wasincludedbetweenthesteeldfffusionpumpandthebeXLjar.The
connectionbetweensteeldiffusionpumpandthisliquid+irtrapwas
toundtobeaweakspotinthevacuumsystem.Thediameterofthepart
ofthisglasstrapjoiningthesteeldiffusiunpumpwasmorethan
80millimeters.Itwasfoundthatsmallcracksh thisglassgaverise
toleeks.Becauseofthedifficul&ofanneslingthelarge+iameter
tubing,newcracksappearedaftertheoldleaksweresealed.Itwas
finaXlydecidedtodiscardtis liquid-airtrap.

McZeodgaugesA andB wereusedtomeasurethepessureinthefore-
vacuumandhigh+acuumpartsofthesystem,respectively.Theminimum
pressureswhichcouldbemeasured.withthetwogaugeswithmy accuracy
were 10+ ad 10+ millimetersofmercury,respectively.Thefive
stopcocksofthevacuumsystem,whichsreshuwninfigure4,werearranged
insuchawaythattheycouldbeconvenientlyhandled~ anoperat=
sittinginfrontofthetableonwhichtheapperatuswasmounted.

Differentsealsweretriedfortheconnectionbetweenthechraium-
platedpumpplatesndthefinelygroundrimofthehelljsr.Itwas
foundthatthe‘bestsealwasachieved.whena Cencovacuun+sealingcompound
wasappliedtothegroundrimofthebelljarbeforeitwasputonthe
plate.AfterthejsrwasputinpositionenApiezonwaxwasappliedto
the$ointtogiveadditionalprotectionagainstleaks.Inthecourseof
thisworktwobeIljarswereusedwithvolumesofabout35litersend
18liters. .

ThebelJ.jarcouldbeshutofffromthevacuum~stamwithl-inch
stopcockV offigure4. Thepositionofthestopcocksinfigurek
correspondstonormaloperatingconditionsduringthe-evacuationofthe
belljar.Aftera corrosiontest,stopcockV wasshut,andstopcockIII
wasturnedbyanangleof90°ina clockwisedirectiontoconuect
McLeodgaugeB withthesteeldiffusionpump;airwasthenadmittedto
thebqlljerbyturningthethree=weystopcockIIbyenangleof45°in

*

.
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a clockwisedirection. Aftemthe corrosionspecimenshadbeenedmnged,
the bell jar was@t backandstqnock II wasturnedin sucha waythat
thefore-pumpsystemwasconnectedwiththebell~= (45°fromtheposition
ofthestopcockinfig.4 ina comrterclockwisedirection). Whenthe
-pressurein* belljarwaslowenoughforeffectiveoperationofthe
aiffuaimpumps,stopcockV wasope=d. ~ thisw aircotidbeadmitted
tothebell$smwithoutthenecessi@ofwaittogforthediffusionpumps
tocool.WhenMcLeodgaugeB wasdirectlyconnecteawiththesteel
Uf’fusionpumpwhilestopcockV wasshut,.McLeodgaugeB showeiisticking
vacum,thus~cating a pressureaf10-5to10-6millimetersofmercury.
Thecauclusionwastiatthesystemuptothel-inchstopcockV did
notcontainanyappreciableleaks.Whenthe%e~ jarwasccmnectedwith
thesystem,thepressurewasconsiderablyhigQerbecauseoftheinevitable
leakbetweenbeXLjarandpumpplate.Thevacummofthebelll$n auring
thetestswasbetween10-5and5x 10-4millimet&sofmercury.The
leakrateofthebelljarwasbetween10-100 micronsperhour,the
rate@endingonthequalityoftiesealbetweenbelljarandpump
plate.Thespeeaofthesteel&U?fw3ionpuq wasdbout4 litersper
second.Thevacuum-attainedwasingOOaagreementwiththemeasuredleak
rate,thepumpSpeea,and the volumeofthe.systemtobeevacuated.

.
Theleakbetweenbell jar d pumpplatewasmentioneaasthemati

limitationofthesystem.Anotherlimitaticmwastheamountofgas
givenoffbytiefretting-corrosionapparatus.Asitwasimpossibleto
heatthebelljar,tiebadeffectsofthegasdevelopedcouldnotbe

.

avcia.ea.Fora givenleakrate,themaximumvacuumcouldbereachea
morequicldlyWan thefretting-corrosionapparatuswasnotmder the
bell~ar.

TESTPROCEDURE

Visualobservationofthecorrosiondamagewasthechiefmeansusetl
toesthnatethecorrosionresistanceofthetestatlmaterials;furthermore
theamountofdebrisformaduringthetestgavea gooaindicationof
thequalityoftheconibination.Weighingofthespecimensbeforeand
aftertestingwasaleotiiea.Since,however,theweightlosscouldbe
eitherpositiveornegative(cmaccount.ofthechemicalactionatthe
surface)enasincetheweightchangeswerefounatobe toosmallfor
measurementonenanalyticalbalance,theattemptwepabandonea.Other
observdfactorsweretheheightanashapeofthesliploopformaon
thescreenc$thecathodwrayoscillosccrpe.Theaverageheightofthe
loopwasameasureofthe-tide ofthefrictionfctrce,anaanychanges
intheshapeofthelooprevealeavariationsofthefrictionforcea==
thetest.Theelectromagnetofthevibratingsystemwasfedthrougha
Variac,thepositionofwhichwasalsorecordetl.Thisposition,aswell
astheheightofthefrictionloop,gaveenWcfitionofthemagnituae
ofthefrictionforcebetweenthetwospecinlene.

.-. —.- — ..- ..-—,-— —-. . —— .. . . . . ____._. .
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Foranytwocorrosionexperiments,itcouldreadilymedecidedby
visualinspectimwhichtestH yieldedthegreateramountofdebris.
Forthatreasontwophotographsofeachcorrodedspecimenweretaken.
Thefirstphotographshowedthespecimenwiththedebrisformedduring
thetest;theseconddepictedthecorroded.spotafterthedebrishad
beenwipedoffthesurface.Inthecorrosion~erimentsdiscussedin
thefollowingper~aphe,itisfelt.thattheamountofdebrisgives
inmanycasesa goodindicationoftherelativemeritsofa givenpair
ofmaterialstestedunderdifferente~erimentalconditions.

~ ordertogaina furtherindicationoftheseveri~ofthe
corrosiondamage,tiefollowingprocedurewasfrequentlyapplied.After
thecorrosionexperiment,thetestspecimenwaepolishedwitha soft
cloth. Thelengthoftimerequiredtoremuve“thecorrosionspotwas
takenasameasureofthecorrosiondamage.Thistestwasputicularly
valuableinthosecasesinwhicha softmetalwasrubbedagainsta
herdersurface.~-thesecasesitoftenhappenedthatno-realdamage
wasdonetothehardmaterialbutsomeofthesoftmetalWSEsmsered
uverthe~ surface.Inspectionunderthemicroscopesomst~s
revealeddifferencesincolor,whichwerehelpfulindistinguishing
betweenmaterialtransferenddamage.Unfcn+unately,thecolorsdonot
appearinthephotographs.

Thetestsweredividedintotwo-groups,theftistofwhichcomprised
several-pairsofmaterialschosenfromallthreeclassesoftableI soas
togetawel.l-rouniledpictureoftheeffectofoxidationonfretting
corrosion.

Inthesecondgroupoftests,materialswithlowcorrosionresistance
wereirwestigatedundervariousconditions.Experimentsweremadeinair,
oxygen,anda chemicallyi~rta~@sphere.Moreover,withtheconibination
ofsteelonsteel,theinfluenceofdegassinginan’electricdischarge
wasexzWned.inmoredetail.Withalltheothermaterialstested,no
differenceincorrosiondamagecoulibedetectedbetweentlegassedtest
samplesandthespecimensusedor*ily. Withsteel,however,a
msrkeddifferencewasfound. .

Thetestconditionswerechosentobethesameasthoseofthe
earlierrunsforwl+chtheresultsarerecordedintableI. These
conditionswereasfollows:
Normalload,6Pvuus.. . . . . .: ● = . . . . ● ● ● ●“.● ● ● . ~ ~
Total~}displacement of’cylindricalspecimenwith -2respecttosphericalspecimen,millimeters.. . . .,. . . .2 x 10
~ationoftest,minutes.. . . . . . . . . . . . . . . . . . . .. 6.o. .
Thereissomeuncertaintyinthevalueof2 X 10+ mill~terforthe
meximumdisplacement,butthidUncertaindoesWt.affectthecompara-
tiveresultsreportedherein,’sincethedisplacementwasthesamefor
alltests.Theforce+isplacementcurvesbbservedforthesetestswere
not,ingeneral,sowellfmmedasthoseshowninfigures2 and3.

... _ .— .— ..— —— -—.—. — —-



Violentfluctuationsintheflztctiomforcesometimesoccurredduringthe
cycle,likethestick-slips_ infigure3(a),%utona largerscale.
Occasionallyalso,themotionwasnotsteady,theshapeofthedia~am
changingfromcycletocycle.ItwaspossibleInallcases,however,
toholdthemaximumdisplacementnearlyconstantthroughouta run.This
wasaccomplishedby slightadjustmentoftheV&ciao.

DISCUSSIONCll?=TS

TheI’tistp~ ofmaterialstobetestedinvacuumendairwasa
phdephor-ln?onzeballruna@ast a carbon-steelf-t. Figure5(a)shows
theballafterthetestintheair. A largeamouutc&debriswasfound,
whichcouldbetipedoffwithcn&difficulty.(Seefig.5(b).)The
corroaeaspotlookedddcerthanthesurrounding@ace, tiusindicating
*at thedamag~spotwasbadlytidized.

Figure5(c)showsthe ccn.mdedspot on tie sphmmaftera testin
tieevacuatedbell.@r. ~ Ws case,the&mage&spotwaahighly
reflettingandno signs& ofidationwerevisible.APtertietestin
vacuum,nodebriswasfoundonthephosphor-bronzesphere;allthefew
fragmehtsformeda~q tietestinvacum ware a0p0sit8acmthesteel
flat.Forthatreason~ onephotographofties@erewastaken.

Figure6 showsthewearspotsonthesteelflat.b thetestin
we air,themajm pertofthe~ts wasa.OpOsitOaanthesphere;
someoftheoxidized~ts, however,wemeleftontiesteelflat,
ascenbe se- infigure6(a).me tacttit #terthetestinvacua
thecorrodedspotonthesteelflathadthecolorofthephosphor-bronze
sphereindicatedthatsomematerialwastmensfemedfkomthesphereto
theflat.Duringthetestinv,acuum#theamountofaehktsformedwasc-
‘siderallylessthaninair,andallofitwasdeposited.onthesteelflat
_ infigure6(c). Althoughthe-a areawaslarger in vacum
thenin air, tie depthoftiedamageanditssemritywerelessin
vacuum● (Seefigs.6(I3)aud6(@.) Moreover,thepolishingprocedure
aho~atit ~ oftieCOrrOSionspdtsoffi~es 6(c)=a 6(a)was
material&ansferredfromthe@hosphor-bronzesphereratherthandamage
b thesurfaceofthesteelflat.

TableI showthatthecorrosionresistanceofthecmitdnationof
copperalloyandsteelhasanin*diate value.Thispositionof
copperalloyintie~le can~erhapsbeex@ainedby thefactthat,of
thedifferentmetaloxtde=rthe~ss ofc~er oxidehaaaninter-,
mediatevzihzeof3.5to4 ontheM& scale.lhthisparticularcase,
thestrongestticationastotherelativecorrosionresistanceinair
@ invacuumcanbegainedfiwmtheemcnmtofdebrisformeaduringtie
tests.comparisonoffigmes5(=)w 6(cJ showsthatIIISDYmorefragments
weref-a duringthetestinatrmThIsfactindicatescleer~that
thecorrosionresists@ei=hi~= invacuumtheninair.

.
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Inthenerbrun,in whioha tin hemispkrewasrunagahata steel
flat, the differencebetweenthe damagein & sndh vaouumwaseven
greaterthanwiththeprecedingocmibinationofphosphor+ronzeonsteel.
Figures?(a)a@ ?(b)showthedsmagetothetinhemisphmetiterthe
twotests● ItIsetideatfromfigure?(a)thatfiiadamagewasvery
severeafterthetestInair.Asinthe~ecedingteatwithphosphor-
bronze,thesurfaoeofthetinhemispherewashi@lyreflectingafter
thetestinVaoum;thisindicat~thata dean ttisurfaoewasformed.
TherewasnoWtLcationof~ oxidationofthe~a surfaoeafter
theti8th vaouwn.Fi~e 8 showsthedamagedareasonthesteelflat.
Itisevidentfromfigure8(a)thata largeamountofdebriswasfo~a
ax thetestm air.w p=t ofthefkafpmtsprOauOOaisvisi%le
infi~e 8(a).Figure8(c)showsa corrodedspotofenothertestunder
thesamecondltiansofload.azidslip.Thedebriswaseasilyremoves
fromthesteelflatBywiping.lhspectianoftiedanmgedspotsof
figures8(a)to8(0)makesIt~t thatCol%osionasmagewasvery
serious.b tdbleI thecodxl.naticmoftinendsteelwasclassifiedas
havinga lowcorrosionresistance.ThisclassfiicatiunisingOOa
agreementwiththefactthatttnoxideisconsiderablyharderthancopper
otiaejhavinga hardnessvaluebetween6 and7 onMoh*Bsoale.

Figure8(d) showsthecorrcmicmspottitera test~ vaouum.The
steel mnfacewasnot -a; theonlyvtsible effect of the test was
that a certdn amountof tin wastransferred.to thesteel flat.Fw
thetestinvacuum,onlyonephotographwastaken,asnoaebriswas
formetla~hg thistest.H thecorrosimresistenoeoftinonsteel
invacumwereclassified,itwouliihavetobep-cd h thecolumnof
highcorrosiaresisbnoe.A comparisonoffigures8(a)to8(c)with
figure8(d)showsthattheaemageaareaofthetestinatiwasmore
thantwicethatinvacuum.Theromd shapeofthec~a.ea spotof
figure8(c)wasmore-@icalthantieelmgatdformshowninfigures?(a),
8(a),and8(b). Thetestsmadewithttionsteeldemonstratemost
clearlytheinfluenoeofenoxldfzingatmosphereonthecorrosion
resistance.

Asthe thtiaEairofmaterialsintheftistgroup,analudnum
hemispherewasrunagainsta flatofalumhum-siktconall,oy.TableI
showsthattheccaibinationofaluminum.onalundnmhasa lowcorrosion
resis-e. Thisclassificationisborneoutbytheseveredamageshorn
infigures9(a),9(b),10(a),and10(b).Thislowcorrosionresis~e
isprobablyWe tothefaotthatalumlmnuoxideisoneofthehardest
metaloxiaes,ha- a hardnessvaluecd’9 cmMoh’sscele.Afterthe
testinair,a largeemmmtofde’brlswasfomd cm%othhemie@ere
=a flat.Theresultsofthetestinvaouumareillustratedti
figures9(c),.9(d),analo(c)● Itisevitlmrtthattb damageunder
theseconditimswasmuohlessseverethaninairendtiatfewer
fragmentswerefarmed.

——--,- . ..— -



Thefourthpairofmaterialstestedwasa combinationofleadon
steel.Ontheoldapperatus,ithadbeenfoundthatthiscontxlnation
hadverygOOacorrosionproperties.Figuresn(a) andI.l(b)showlead
hemispheresaftertesth M andinvacuum,respectively.Thecorrodes
spotm thehemisphereruninvacuumwaahighlyreflecting;this
indicatedthatnooxidationtookplace.Thecorrespondingspotsonthe
steelflatsareshowninfiguresn(c) andn(d). Thetwotestsinair
endinvacuumdidnotshowaq appreciabledifferenceinasmuchasno
seriousdamagewaadonetothesteelflatineithercase.Thematerial
transfe~ed.&cm hmispheretoflatundereitherconditioncouldbe
wipedoffwitha cloth.Althoughleadoxideisratherherd,havinga
herdnessvalueof5 to6 onMob:sscale,thecmnbinationofleadon
steelhasfavorableproperties.Thisisprobablyduetothefactthat

. duringthetestthehardoxidefragmentswereembedded& thesoftlead
andwerethuspreventedfrombnagingthesteelsurface.

Anothertest wasm witi.a steel sphereanda lead+platedsteel
flat,theresultsofwhichareshowninfigure12. Asinthepreceding
test,materialwastransferredfromleadsurfaceto’steelsurface
withoutdamaghgthelatter,andallthetransferredmaterialcouldbe
rubbedoffwitha cloth.Comperisouoffigures12(a)and12(c)with
figures12(b)andX2(d)showsthattheareaofcontactwaslergerin
vacuumthaninair.Thisdifferencemighthavebeenduetothefactthat
thehardleadoxideformeddur~ thetestinairmadeitpossiblefor
thethinleadplatetosupporttheloadovera smallercontactarea.

.
TheseconitgroupofrunswasaevOtedentirelytopairsofmaterials

witha lowcorrosionresistanceandparticularlyto-theconibinationof
steelonsteel.BecauseofitsgeneralimportanceInengineering
problems,moretestsweremadewiththiscombinationthanwithanyso
fardiscussed.Inonerespect,theconibinationofsteelonsteel
behaveddifferentlyfromtheothermaterialstested.Thedegassingof
thespecimensinanelectricdischargehada pronouncedinfluenceon
thecorrosionresistance,butwiththeothermaterialsdescribedinthis
reportdegassingdidnotseemtochangethecorrosionresistance.For
testsinvacuumwithsteelspecimens,thedamageofdegassedcorrosion
ssmpleswaslesssevereunderotherwiseidenticalconditionsofpressure.
Thispointisillustratedinfigures13and14. Figure13(a)showsthe
corrodedspotonthesteelsphereaftera corrosiontestinairunder
atmosphericconditions.Figure13(b)showsthedamage.tothesteelsphere
aftera testinvacum,andfigure13(c)showsthedamagetoa degaesetl
steelspheretestedinvacuum.Figure14showsthecorrespondingspots
onthesteelflats,whicharemirrorimagesofthespotsonthespheres.
Comparisonoffigures13and14makesitevidentthatthegreatestamount
ofdamagewasdonetothespecimensrunh airatatmosphericpressure,
whereasthedegassedspecimensruninvacuwnshowedtheleastdamage~
Figures15and16showthesamecorrosionspotsatdifferentmagnifi-
cations.Thesephotographsshowthatnotonlytheareaofthecorroded

. . “ . ..— —
. .

--—— .— - - ——-—



N.ACA~ NO.1492 13

partofthespechenswasdifferentbutalsotheseriobnessofthe
-e. Noex@anationisathandforthefactthatdegassingof
thetestspecimensInanelectricdischargehadamsrkedeffectwith
thecxmibinationofsteelonsteelandnonewiththeothermaterials
tested.

Inthenext expertiats,tieconibination& steelonsteelwas
testedillairendoxygenatatmosphericpressure.Thespotsoftie*O
tests,whichwerelothontiesameflat,aredepictedinfigureslT(a)
andly(b). Theri@t-handspotresultedfromthetestinair;theleftr
hand,spotwasproducedbythetestinoxygen.Itisevidentfromthese
figuresthattheamountofdebtisformed,aswellasthedemagetothe
steelflat,wasalmostidenticalforbothtests.Thisresultisnot
surprisingifitisnotesthatthepatialo-~genmeasuresdiffered
byonlya factorof5,whereasthecorrespondingfactorforthetestsin
airandvacuumwasapp&dmately107.

Itseemeddesimbletoseetiethertheseresultscouldbecorrobo-
ratedwithmotherpairofmaterials.Itwasdecidedtochoosethe
combinationofalminumonaluminm,tiichhadleantestedbeforein
airandtivacuum(seefigs.9 and10). Figure18showstiedamaged
partofanaluminumhemisphereaftertestsinair- inoxygenat
atmosphericpresme. Figure19showsthecomespon&hgspotsonthe
aluminum-silicon-alloyflats.Thespotsontieflatsweremirzmrimages
ofthoseonthehemispheres.Theamountofdebrisfgmnedduringthe
testsmd theseveri~ofthe. wereveryshdllarforoxygenand
air.Itcanbenotesinfi ) thatthedebrisontheflatcOtia
notbewipedoffreatily,m appreciablepartr~ titertheflat
hadbeenwipedwithlenspapr. ThecOrrOaOaspotswereirregular
becausethealminumhemispherewasturnedona latieanditssurface
wasunevm. we resultsofthetestswithaluminumcorroboratethose
withsteel,anditmaybeconcludedinbothcasestiatdr anapure
oxygenhavethesamecorrosivepropertiestifrettdngtests.

Incontinuationofthesecondgroupoftests,frettinge~riments
weremadeinairandhelimn,botimder atmospheric~eseure.“l?orthe
testsinhelium,thebelljarwasfirstevacuatedandhelimnwasthen
admittedintothesystem.Thefrettingtestsinheliumlastedseveral
minutes,duringtiichtimeacmeairleakedintothesystem.Theleak
ratewasverylow,however,becausethepressureinsideendoutsidethe
systemwasthesame.Thetestswere,therefore,perfO-a inami~a
atmosphererichinheliumbutalsocon~ sameair.b exadnlng
theresultsofthesetests,itmustberemdberdthatthehelium
atmospherewasfarfrm beingfreeofoxygen.

Figures20(a)and20(b)showthedamagedpartoftwosteelballs
titera corrosiontestinairandhelium,respectively.Becausemostof
thedebrisaccumulateontheflatinbothtests,OX@ onephotograph

#
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ofeachsteelballwastaken.Figures21(a]to21(d)showthe
spendingBpotsontheflate.Itisevidentfromaninspection

No● 1492

ccwre-
Of

figureEl(a)that a large amountof debriswasf-a a~~ thetest
tiah; figure21(c),ontheotherhand,shuwsonlyveryfewfragments.
Theconclusionis,therefae,thatcansideraMylessdebrisisfO=a
tihelimthan~ air,althoughtieheliumatmospherecontainedsomeair.

Itisinterestingtonotethatthefindingsh the~esentpaper
areinaccordwiththeconclusionsofDies(references5 and6),whereti
thephenomenaoffrettingcozzrosionareerpktnedbytheassumption
thattheherdparticlesofmetalofiiiewhichexetrappedbetweenthe
tibratingsurPacesactasanabrasive=a damagethemetalsurface.
ThismechanimnseemstooperateevenwithmefalsWch - underless
severeconditions-formetibleofidelayers.

COliCIXJSIOllS

Testsmadewiththesameyatisofmatarielsin*, invacumn,
ino~gen,ti inhelim* identicalconditicmsatloadandslip
showconclusively-t oxidationplaysan@ortantroleinfretting
corrosion.Thedebrisformationandtheseveri@ofthedamagewere
considerablylessh airunderreducedpressureof10-4to10-5m,illtmeters
ofmercurythaninairatatmospheric~esmre. Likewise,corrosiontests
Y-O=a inaninertatmosphere-prcaucealessdamagethanexperiments
petiormedinairoro~gentier otherwiseidentical.conditions.

TheIu3u33nessof the oxides agpezws to be an tmportant prope~ in
connectionwithfrettingccrrosion.ThedamageproducesIslargewith
thoseconbtitionsinWch boththemetalanditsoxLdsarehewd.The
hi@ comosionresistanceofleadonsteelcan%e ~lainadbythefact
thattheherdoxideparticlesembedthemselves@ tiesoftleadand
hencedocomp=ativelylittledamage.Itcanthusbeconcludedthat
frettingcomosionbelongstothegroupofwearproblamfa which
oxidationaffordsnoprotection.

Thefactthattheoxidescd?~ metals& practicalimportanceare
hardmakesthepreventionoffrett~-corrosicadamagea clifficulttask.
Therednctionofoxidation%y evacuationisar&harQ feasibleonly
h experimentssuchasaredescribedinthisreport.Thequestionas
towhethertheaccessofoxygentothefrettingsuzfacescm bereduced
bysaneothermeans,asforinstancely the~licationof~ases or
lubricatingoils,isoutsidethbscopeoftheyresartinvestigation.

MassachusettsfistituteofTechnology
Canibridge,I&as.,December4,u46
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CorroBlonresidmoe

Low Metuuul Ei@

staBltiBt091 ‘C-mu onsteel Mad m steel
l?ickelonsteel. Z3nUonsteel Silv’arplate on steel
Aluudnumon et-eel copper Lcuoy CalWk8el Silvar plate on alumlllmu
AltmliXxuln-t+liocq alloy Zlno on almllimnu plaim

on steel Copperplate on almirmm Pmbwbtitia ti691m
Antimonyplateonsteel lUckel platecmalumlxrum steel
Tlnonsteel, Sllvarplateonalumlnum
Alumlnunlonaluminum ironplateonalmnixxmn
Zinc-plated steel on

almmnnll
Eon-plated steel on

alullllntrm
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Load

.

.

Load
. I

“> 6“-
Piclcupsnotshownin
thisview.

Figurel.- Vibratoryapparatus.A,cylindricalspecimen;B,flexiblesteel
pillar;C,sphericalspecimen;D,vibratingmember;E,b&e block;
F, electromagnet;G, armfor holdingsphericalspecimen;H, spring-
steelhinge;I, pickupfor absolutedisplacementof cylindricalspecimen;
J,pkkup for displacementof cylindricalspecimenrelativetovibrating
‘memberD (friction-forcepiclchp);K, flat~springsupportsfor vibrati&
memberD.
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.

(a) Sliploop.

.

@) Force-me curve.

(c) Displacement-timecurve.

.

,

#

Figure2.- Forceanddisplacementcurveswithoutstick-slip.
-
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(a)Slip100p.

@) Force-tie curve.

(c) Displacement-timecurve.

Figure3.- Forceanddisplacementcurveswithstick-slip.
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I?lgure4.-Schematic diagram of vacuum system.
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(a) Phosphor-bronzesphereaftertest
inair of atmosphericpressure.
Beforewiping.

(b) Phosphor-bronzesphereaftertest
in air of atmosphericpressure.
Afterwiping.

(c) Phosphor-bronzesphereaftertest
invhcuum.Wearspotis highly
polished.

.

Figure5.- Phosphor-bronzesphererunagainstME’ 1020steelflatin air
andvacuum.’Magnified50times.
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(a) Steel flat after test in air of
atmosphericpressure.Before
wiping.Damagedspothascolor
ofphosphor-bronzesphere.

(c)

.

,.’

a *4 . .
. . .

. .

I , . . I
.

●

r. ..’
1

(b) St8elflataftertestinairof
atmosphericpressure.After
wiping.Damagedspothascolor
ofphosphor-bronzesphere. .

Steel flat after test in vacuum.. “
Beforewiping.Damagedspothss
colorofphosphor-bronzesphere

(d) Steel flat afkr test in vacuum.
After wiping. Damaged spot has

. COIOr Of Dhomhor-bronze Emhere
buttolesser-extentthana%r test~ buttole&er‘&tentthanaf& test
insir. inair.

Itgure&- SAE 1020steelflatrunagainstphosphor-bronzesphereinvacuum
andair.Magnified50times.
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(a) Tinhemisphereaftertestin air of
atmosphericpressure. Mostof the
debrisis ontheflat.

29 -

(b) Tinhemisphereaftertestin
vacuum.Wearspotis highly
polished.

IHgure7.- TinhemisphererunagainstSAE1020steelflatin air and
vacuum. Magnified50times.
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(a)SAE 1020steelflataftertestinah
ofatmospheric pressure. Before
wiphg. About 70 percent of the
debris formed is shown.

.

(c)SAE 1020steelflatsfker test in air
of atmospheric pressure.

—.. ..— — (

(b)SAE 1020steelfitsftertesth.
airofatmosphericpressure.
Afterwiping.

b . . ‘ ‘/’f
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,,

..:+,.. . ..”’.’. b

(d) lMJ3 1020steelflatrunegahsttin
invacuum.--5=”

Flmue8.- SAE 1020steelflatruna!zaindtinhemisphereinsirsnd
g

vacuum.MagnMl;d 50times. -
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(a) Alumhmm hendsphere after test in ti
ofatmosphericpressure.*fore wiping.

~——— —..—- ———. -.-— ___

(c) Akninum hemisphere after test jn
vacuum. Before wiping.

~-–-—----–. ., ---j is

,- ;1

0$

(d)

Aludnum hemisphere after test in
airof atmos~efic pressure.
wiping.
m, .

Aftpr

Aluminum hemisphere after test
invacuum. After wipm.

,ure 9.- Aluminum hemisphere run against aluminum-alloy flat
in air and vacuum. Magnified 100 times. -
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(a) Aluminum-alloyflat aftertestin
air. Beforewiping. .

.. . ... . b- -e.”+->
,,7 w.A/-, - + ~ .-, :.- :. ,*, -

;.:+ : . -“ .
-..,-v<b *-W. - r.

., ‘ ,. ..*+ . - . - -.*.
*. .. J,..”-- .f,=..-

,-;.●.,*,, -, .-;,. ‘. %,. . ,..,
●

I (b) Alumintuu-alloyflat aftertestinair.
Afterwiping.

*

(c) Aluminum-alloyflat aftertestin
vacuum. Beforewiping.

Figure10.- Aluminum-alloyflatrunagainstaluminumhemisphere
in air andvacuum. Magnified100times.
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(a) Lead hemisphere &r test in air of
atmospheric pressure.
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(b) Lead hemisphere after test in
vacuum. Wesr spot highly polished.
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(c) Steelflataftertestinsir.

I
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(d)Steelflataftertestinvacuum.

13gure11.- Lead hemisphere run against SAE 1020 steel flat in air
snd vacuum. MagnHkd 50 limes.
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(a) Steel sphere after test in air.

(c) Lead-plated steel flat after test in air.

(b) Steel sphere aller test in vacuum.

(d) Lead-plated steel flat after test in
vacuum.

mm- Steelsphererunagainstlesd~latedsteelflatinair
andvacuum.Magnified50times.
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(a) Steelsphereaftertestin air.
Corrodedspotlooksbrownish.
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(b) Steelsphereaftertestinvacuum.
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(c) Steelsphereaftertestinvacuum
withdegassedspecimens.

.
Figure13.- Steelagainststeelin air andvacuum. Chromium-steelsphere

againstSAE1020steelflat. Magnified100times. Matingsteelflatsare
v showninfigure14.
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(a) Steelflat tier testin air.
Corrodedspotlooksbrownish.
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(b) Steelflat after test in
vacuum.
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(c) Steelflataftertestinvacuum
withdegassedspecimens.

Figure14.- Steelqyainststeel in air andTWUUM.SAE1020 steelflat
againstchromium-steelsphere. Magnified100times. Mat@
chromium-steelspheresareshowninfigure13.
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(a) Steelsphereaftertestin air. Corroded
regionlooksbrownish.Magnified
150times.

---—- . 1

(b) Steelsphereaftertestinvacuum.
Magnified200times.

. ...w. .“. “?): .“”r&
.“- -.

(c) Steelsphereaftertestinvacuum
withdegassedspecimens. Magnified
300times.

Figure15.- Steelagainststeelinair andvacuum. Chromium-steel
sphereagainstSAE1020steelflat. Magnified150,200,and
300times.
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(a) Steelflat aftertestinair. Corroded
spotlooksbrownish.Magnified .
150times.

I . . . \ —.. a ,-

(b) Steelflataftertestinvacuum.
-d 200times.

(Cj-Steelflat after test in vacuutith -
degassedspecimens. Magnified
300times.

Figure16.- Steelagainststeelinair and”vacuum.SAE 1020steelflat. “
againstchromium-steelsphere. Magnified150,200,and300times.
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(a) Steelflat beforewiping. Right-
- handspotis resultof corrosion
testin air.

.

(b) Steelflat afterwiping.

49

,

Figure17.- SAE1020steelflatruna-t chromium-steelspherem “
oxygenandair of atmosphericpressure. Magnified25times.
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(a) Aluminumhemisphere after test
in sir. Eefore wiping.

(c) Aluminum hemisphere after’test . (d) Aluminum hemisphere after test
in oxygen. Before wiping. in oqygen. After wiping.

Figure 18.- Alumimun hemisphere run against aluminum-alloy flat in air and o~gen
of atmospheric pressure. MagnlfWd 100 times.
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(a) Aluminum-alloyflat after test in air.
Before wiping.

(b) Aluminum-alloy flat after test in air.
M&! wiping. Not all debris was
removed by wiping with lens paper.

(c) Ahunhum-alloy flat after test in
oxygen. Before wiping.

(d)Alumhuun-slloyflataftertestin
oxygem Aft8rwiping. ,

Figure 19. - Aluminum-alloy flat run against aluminum hemisphere in air and
oxygen of atmospheric pressure. Magnified 100 times.
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(a) Steelsphereaftertestin air.
Beforewiping. Mostof thedebris
is onsteelflat.
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(b) Steelsphere&ftertestin
helium. Beforewiping. Most
of thedebrisis onsteelflat.

+

Fiwre 20.- Chromium-steelsphererunagainstSAE1020steelflatin
- ~r ~d helium of atmospheric pressure. Magnified100 times.
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. (a) Steelflataftertestinair. (b)St8elflataftertestinair.
Beforewiping. Afterwiping.

i“k-
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(c) Steel flat after test in helium. (d) Steel flat after test in helium.
Before wiping. Aftsr wiping.

13gure 21.- SAE 1020 steel flat run aga@t chromium-steel ball In air and helium
of atmospheric pressure. Magnified 100 times.
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